Abstract This article provides a state-of-the-art review on the uses of magnetic ion exchange (MIEX) resin in drinking water and wastewater treatment, with emphasis on removal of dissolved organic matter (DOM) from drinking water and wastewater, regeneration efficiency, removal of inorganic and synthetic organic chemicals, comparison with other anion exchange resins, and integration with other physical-chemical processes. Through laboratory jar tests, pilot plant tests, and full-scale installations for a variety of drinking water sources, MIEX resin can achieve 30-80 % removal of dissolved organic carbon (DOC), which is often higher than alum or ferric coagulation. In addition, MIEX resin has been shown to remove hydrophilic, transphilic, and hydrophobic fractions of DOM and a wide range of molecular weight fractions of DOM. As a result, MIEX pretreatment results in substantial reductions in the formation of trihalomethanes and haloacetic acids upon chlorination. MIEX resin can achieve bromide removal in the range of 10-50 %, with higher bromide removal in waters with low DOC, low alkalinity, and low sulfate. However, there are commercially available anion exchange resins that are more selective for bromide than MIEX resin. MIEX resin has been investigated in combination with coagulation, activated carbon adsorption, membrane separation, lime softening, and ozonation. MIEX pretreatment has been shown to reduce downstream chemical requirements and improve the operation of downstream processes. This is most evident for coagulation and ozonation where the coagulant dose can be reduced by 50-75 % and the ozone concentration can be increased by 40-65 %. In general, MIEX pretreatment shows minor reductions in membrane fouling. Future research should continue to investigate the integration of MIEX treatment with other processes.
Introduction
The terms dissolved organic matter (DOM), natural organic matter, and humic substances are often used interchangeably to describe the mixture of complex organic compounds present in water. The term DOM is used in this article to encompass both natural and anthropogenic sources of aquatic organic matter. Characterization and removal of DOM is of interest to many engineers and scientists because removal of DOM is a critical step during drinking water treatment, most prominently because DOM is the main precursor material to disinfection byproducts (DBPs). Also of concern during drinking water treatment is that DOM imparts color to water, exerts chemical demand, fouls membranes, and acts as a substrate for microbiological growth in water distribution systems. To add to these concerns, there is research showing increasing DOM content in surface waters and drinking water supplies in many parts of the world due to changes in climate and land use [1, 2] . Another recent trend pertaining to DOM is interest in removing DOM as part of domestic and industrial wastewater treatment for water reuse applications.
This article is part of the Topical Collection on Water Pollution * Treavor H. Boyer thboyer@ufl.edu Given the widespread importance of DOM removal during drinking water and wastewater treatment, numerous physicalchemical removal or destruction processes have been investigated including coagulation/flocculation [3] , precipitation, adsorption, membrane separation [4] , and chemical oxidation [5] . Coagulation/flocculation and activated carbon adsorption are two of the most widely studied and implemented processes for DOM removal. Anion exchange and membrane technology have emerged as alternative processes to coagulation/ flocculation and activated carbon adsorption for DOM removal. In particular, anion exchange is of interest as a DOM removal technology because it can achieve high levels of DOM removal, remove wide range of DOM types, can be applied in different reactor configurations, and can be operated continuously or intermittently. Among various anion exchange resins and processes, magnetic ion exchange (MIEX) resin has been the main focus of research and practice on DOM removal by anion exchange since the early 2000s [6-10, 11••, 12•] .
Although there are many previous review articles on physical-chemical processes for DOM removal such as coagulation and membrane technology, there are no previous review articles on DOM removal by anion exchange or MIEX. This represents a critical gap in the literature since there is no synthesis of the current knowledge or insights on the needs for future research. Accordingly, the goal of this article was to provide a state-of-the-art review on the uses of MIEX resin in drinking water and wastewater treatment. The specific objectives of this review article were to evaluate MIEX treatment considering (i) removal of DOM from drinking water and wastewater sources, (ii) removal of inorganic and synthetic organic chemicals, (iii) comparison with other anion exchange resins, (iv) integration with other physical-chemical processes, and (v) needs for future research. Magnetic ion exchange was selected as the scope for this review article because the majority of research on DOM removal by anion exchange has focused on MIEX resin. As such, this review article was able to draw on a rich body of literature in which a wide range of water types, contaminants, and test conditions have been investigated for a single type of anion exchange resin.
Background on MIEX
MIEX is a commercially available anion exchange resin and an ion exchange process used in drinking water treatment. MIEX resin and its process were developed by the Australian company and research organizations Orica, Commonwealth Scientific Industrial Research Organization, and South Australian Water Corporation. The patents on MIEX resin and the MIEX process were issued in 2001 and 2003, respectively [13••, 14••] . The article by Slunjski et al. gives a useful overview and timeline on the development and commercialization of MIEX [15] . The first full-scale installations of MIEX were at the Mt. Pleasant Water Treatment Plant (2.5 ML/day, 0.66 million gal/day) in South Australia and Wanneroo Groundwater Treatment Plant (112.5 ML/day, 29.7 million gal/day) in Western Australia [15] . In this paper, MIEX resin is used to refer to the specific anion exchange resin, while MIEX treatment is used to describe the continuous flow, completely mixed ion exchange process that uses MIEX resin. Although the main focus of this review article is on a single commercial product/process, the interest in MIEX treatment in the drinking water and wastewater industry has motivated new research and development on alternative magnetic ion exchange resins and novel ion exchange processes. Thus, the knowledge gained on MIEX treatment is generally transferable to DOM removal by magnetic and non-magnetic anion exchange resins in various process configurations for a wide range of water types.
MIEX resin is a magnetically enhanced anion exchange resin that consists of a macroporous polyacrylic bead dispersed with magnetic iron oxide particles. The resin is functionalized with quaternary ammonium (i.e., trimethylamine functional groups) and typically uses chloride as the mobile counterion. The particle size of MIEX resin is approximately 200μm [16, 17•, 18] , which is 2-5 times smaller than conventional anion exchange resins. Because of the small particle size and magnetic component, MIEX resin is used in a completely mixed flow reactor (CMFR) with resin recycle and partial resin regeneration (i.e., the MIEX process or MIEX treatment). At the time the MIEX process was developed, and hence patented [13••] , it was a new process configuration for ion exchange resin that had important advantages over the conventional approach of using ion exchange resin in fixed bed reactor as a final polishing step. For instance, MIEX treatment is typically used at the beginning of a treatment train because turbidity does not adversely impact the process. This allows for high reductions in DOC, which decreases subsequent chemical requirements (e.g., coagulants), and improves the performance of downstream processes (e.g., membranes).
An interesting side note on MIEX resin is the limited extent by which the role of magnetic iron oxide on resin behavior has been investigated. In the patent for MIEX resin [14••] , it describes the preparation process for magnetic polymer beads using γ-Fe 2 O 3 (maghemite). It mentions in the patent that one of the advantages of magnetic resin is the magnetic attraction or separation of the beads; however, no data are provided to support this. In the patent, it also mentions that adding solid particles, such as maghemite, to polymer beads will increase the density and weight of the beads. In the patent for the MIEX process [13••] , it describes key steps in the process such agglomeration of magnetic particles and the rapid settling of dense magnetic polymer beads; however, no data are provided to illustrate these steps. In the peer-reviewed literature, Jha et al. were the first to investigate the magnetic properties of MIEX resin and use a magnetic reactor [16] . The authors reported that MIEX resin had a saturation magnetization of 17 emu/g and behaved "paramagnetically with negligible remnant magnetization in the absence of a magnetic field" [16] . These results do not agree with magnetic polymer beads containing magnetic particles such as maghemite [14••] , which is ferrimagnetic [19] . Indarawis and Boyer investigated the magnetic properties of magnetically enhanced cation exchange resin from Orica Watercare, which was assumed to be produced in a similar manner as MIEX resin [14••] , and suggested that cationic MIEX resin contained magnetite [20] , which is more consistent with the patented process for MIEX resin. In summary, the magnetic characteristics and behavior of MIEX resin remains an open research question.
DOM Removal from Drinking Waters Sources
MIEX resin was created as an alternative process to coagulation for removal of dissolved organic carbon (DOC) and subsequent reduction in DBP formation upon chlorination. The majority of data on DOC removal by MIEX resin is from jar tests (similar to coagulation jar tests) or batch tests (similar to activated carbon adsorption tests). There is also data on DOC removal by MIEX resin from pilot plant tests and full-scale installations [7, 21, 22] . Researchers have also developed alternative testing procedures, such as multiple-loading jar tests and fluidized bed column tests, to investigate other process configurations for MIEX resin. MIEX tests have been conducted using drinking water sources from all over the world, e.g., Australia, China, Japan, Poland, Turkey, UK, and USA [6, 8, 9, [23] [24] [25] . Most data for MIEX resin is from NaCl regeneration with limited data from NaHCO 3 regeneration [18, 21, [26] [27] [28] .
Jar Tests
Jar tests have been used to compare MIEX resin with aluminum sulfate (alum) and ferric chloride (ferric) coagulation in terms of removal of DOC and UV absorbance at 254 nm (UVA254) and reduction in trihalomethane (THM) and haloacetic acid (HAA) formation for a wide range of drinking water sources. Jar tests typically consist of MIEX resin doses of 1-10 mL/L and mixing times of 5-60 min. Removal of DOC and reduction in UVA254 by MIEX resin is generally greater than or equal to removal by alum or ferric coagulation. For example, Drikas et al. showed DOC removals of 64 and 74 % by MIEX resin for two different raw waters with corresponding DOC removals of 22-28 and 41-53 % by alum coagulation [29] . Reduction in UVA254 followed a similar trend as DOC removal for MIEX resin and alum coagulation [29] . Many subsequent researchers have shown similar results of high-DOC and UVA254 removal by MIEX resin [18, 23, [30] [31] [32] [33] [34] [35] [36] [37] . For example, Boyer and Singer showed greater removals of DOC and UVA254 by MIEX resin than alum coagulation across four different raw waters with the extent of removal increasing as the specific UVA254 (SUVA254) of the raw water increased from 2.0 to 3.8 L/mg·m [31] . For low SUVA254 water (2 L/mg·m), MIEX resin preferentially reduced the UVA254 fraction of DOM with treated water SU-VA254 of 1.15 L/mg·m and 55 % DOC removal [38] . For some raw waters, however, coagulation shows greater removal of DOC and UVA254 than MIEX resin. For example, Fearing et al. compared ferric coagulation with MIEX resin and showed higher removal of DOC and UVA254 by ferric coagulation than MIEX resin and subsequent greater reductions in THM formation for ferric than MIEX-treated samples [39] . The raw water used in Fearing et al. had a high SU-VA254 (4.5-5.1 L/mg·m) [39] , which makes the DOC amenable to coagulation and may explain the better performance of coagulation over MIEX resin.
MIEX resin has also been tested for removal of DOC from nanofiltration (NF) and reverse osmosis (RO) concentrate derived from high-DOC groundwater. Whereas MIEX resin doses of 0.5-5 mL/L are typically used for drinking water sources [6, 31, 39] , NF and RO concentrate require MIEX resin doses on the order of 10-20 mL/L. For example, DOC removal from various NF/RO concentrates was 51-87 % at MIEX resin dose of 20 mL/L [40] .
The majority of data for MIEX resin is based on chloride as the mobile counterion and NaCl as the regeneration agent. However, disposal of NaCl waste brine to the sewer, receiving waters, or landscape can be problematic in terms of excess sodium and chloride. As a result, NaHCO 3 has been investigated as an alternative to NaCl regeneration. MIEX resin using either chloride or bicarbonate as the mobile counterion showed the same order of removal with UVA254>DOC>sul-fate>nitrate and the performance of the resin remained constant over three regeneration cycles using NaCl or NaHCO 3 regeneration [26] . In another study, NaHCO 3 showed slightly lower regeneration efficiency than NaCl over 21 regeneration cycle with 69±8 % DOC removal by bicarbonate-form MIEX resin and 74±6 % DOC removal by chloride-form resin [18] .
MIEX resin typically removes a wider range of DOC in terms of hydrophobicity and molecular weight than coagulation and activated carbon adsorption, whereas coagulation targets the hydrophobic, high molecular weight fractions of DOC [29, 41] and powdered activated carbon (PAC) adsorption targets the hydrophilic, low molecular weight fractions of DOC [42, 43•] . For example, Boyer and Singer showed similar removal of hydrophobic acid, transphilic acid, and hydrophilic acid fractions of DOC by MIEX resin [31] , and Humbert et al. showed that MIEX resin removed both low and high apparent molecular weight fractions of DOM [33] . Others have shown that MIEX resin preferentially removes transphilic and hydrophilic fractions of DOM relative to PAC adsorption [42] , and MIEX resin removes a wider range of apparent molecular weight fractions of DOM than PAC or alum coagulation [43•] .
Chlorination of water samples following MIEX treatment typically show high reductions in THMs and HAAs [29] and greater reductions in THMs than HAAs than coagulation [29, 37] . For example, Singer and Bilyk showed THM reductions of 71-84 % by MIEX treatment of several different drinking water sources and similar reductions in HAAs as THMs [6] . In addition, chlorination of MIEX-treated samples showed lower HAA formation than alum coagulated samples [6] . Because MIEX resin achieved greater removal of transphilic and hydrophilic fractions of DOM than PAC, upon chlorination the MIEX-treated samples resulted in lower formation of THMs and HAAs than PAC [42] .
Pilot Plant Tests and Full-Scale Installations
MIEX pilot plant tests and full-scale installations have confirmed many of the results from MIEX jar tests. For instance, a MIEX pilot plant study showed increasing DOC removal with increasing effective resin dose [21] , which is a concept that was created to compare MIEX jar test results with the continuous flow, completely mixed MIEX process. For example, a MIEX pilot plant operating with 20 mL/L MIEX resin and 10 % regeneration ratio corresponds to an effective resin dose of 2 mL/L [21] , which should perform similar to a jar test dose of 2 mL/L MIEX resin. The MIEX pilot plant study by Boyer and Singer was the first to show that increasing sulfate concentration in the raw water resulted in lower DOC removal by MIEX resin and showed that the DOC recovered during regeneration was approximately equal to the DOC removed during treatment [21] . Other MIEX pilot plant tests have evaluated the effect of process operating conditions (resin concentration, contact time, and regeneration frequency) and raw water quality on DOC removal by MIEX resin [44, 45] . Pilot plant tests have also been used to evaluate the sequence of MIEX treatment with other processes, e.g., MIEX prior to granular activated carbon (GAC) biofilters [46] , which are also referred to in the literature as biologically active carbon (BAC) filters.
The novelty of the MIEX process combined with the greater time commitments of pilot plant tests over jar tests motivated the development of a MIEX process model. The model was developed to describe DOC removal by MIEX resin in a CMFR with resin recycle and partial resin regeneration [17] . The novel aspect of the model was tracking the evolving age distribution of MIEX resin particles in the reactor for different regeneration frequencies. The model results showed good agreement with previous pilot plant studies [17] . The model developed to describe the MIEX process was extended to also describe a fluidized bed ion exchange process, where both the MIEX process (i.e., CMFR) and fluidized bed reactor could be summarized in terms of the effective resin dose and solids residence time [47] .
Researchers have evaluated the world's first large-scale MIEX installation at the Wanneroo Groundwater Treatment Plant, Perth, Australia, to compare MIEX, MIEX followed by alum coagulation (hereafter MIEX/coagulation), and enhanced alum coagulation in terms of removal of DOC and its apparent molecular weight fractions from size exclusion chromatography [7, 22] . The general order of decreasing DOC removal was MIEX/coagulation>enhanced coagulation>MIEX, with enhanced coagulation being the most effective for removal of high apparent molecular weight fractions of DOM and MIEX resin removing medium range apparent molecular weight fractions of DOM [7] . These trends were observed to vary with season due to changes in the concentration and character of DOM [22] . Singer et al. synthesized data from MIEX jar tests, pilot plant tests, and full-scale installations and showed that DOC removal increased as SU-VA254 increased at a constant MIEX resin dose where the resin dose included the jar test dose and the effective resin dose from pilot plant tests and full-scale installations [48] .
Multiple-Loading Jar Tests
Researchers have developed alternative laboratory testing procedures to better mimic the continuous flow, completely mixed MIEX process. In particular, the multiple-loading jar test procedure uses the same batch of resin to treat multiple batches of raw water. By following this procedure, DOC removal by MIEX resin can be expressed as the number of resin bed volumes treated, which is more representative of the fullscale MIEX process. For example, Kitis et al. showed 29-39 % DOC removal after 1200 bed volumes of MIEX treatment [23] . Mergen et al. applied the multiple-loading procedure to three different water types and showed that MIEX resin exhibited consistent removal of hydrophilic DOC, whereas the removal of hydrophobic DOC steadily decreased with increasing number of bed volumes treated [8] . The authors concluded that the multiple-loading approach gave a more realistic indication of DOC removal by MIEX resin. MIEX treatment following the multiple-loading procedure was also applied to model organic compounds and showed the general trend of higher removal of hydrophobic and hydrophilic anionic species than hydrophilic neutral species [49] . The multiple-loading jar test procedure has been used to evaluate the effect of temperature in which there was not a significant difference in DOC removal by MIEX resin at 1 and 20°C [50] . Multiple-loading MIEX treatment (600 bed volumes) of surface water and effluent impacted water resulted in 39-87 % reductions in UVA254, DOC, THM4, and HAA9, 10-33 % reduction in halonitromethane formation, and increase in NDMA formation in effluent impacted samples [10, 51••] . These are the first results showing reductions in THM and HAA formation using the multiple-loading approach and are in agreement with results from MIEX jar tests.
DOM Removal from Wastewater
Given the effectiveness of using MIEX resin to remove DOC from raw drinking water, MIEX resin has been applied to biologically treated wastewater effluent and other waste streams. For example, MIEX resin showed similar removal of hydrophobic, transphilic, and hydrophilic fractions of DOC from biologically treated wastewater effluent and maintained a consistent level of DOC removal over 10 regeneration cycles [52] . In follow-up work, MIEX, MIEX/coagulation, coagulation, and PAC were investigated as pretreatments to reduce fouling on microfiltration (MF) membranes [27, 53, 54] ; MIEX pretreatment showed only minor reductions in membrane fouling. In a different study, MIEX resin was used to remove DOC from tertiary treated wastewater effluent, and the results showed almost complete removal of the organic acid fraction of DOM and substantial decrease in fouling on MF and ultrafiltration (UF) memb r a n e s [ 55 ] . M I E X r e s i n w a s c o m p a r ed w i t h polyaluminum chloride (PACl) coagulation of secondary wastewater effluent, and MIEX resin showed preferential removal of low molecular weight organic acids, whereas PACl coagulation showed preferential removal of high molecular weight biopolymers [56] . Both MIEX and PACl showed minor reductions in MF fouling. In another study, MIEX resin was used in a fluidized bed reactor to treat synthetic wastewater effluent and showed 60 % DOC removal up to 172 bed volumes [57] , which is comparable to DOC removal as drinking water treatment but 10 times lower than the throughput volume [8, 23] . MIEX resin has also been tested to treat secondary wastewater effluent in preparation for aquifer recharge. MIEX resin showed statistically significant reductions in DOC, UVA254, color, total nitrogen, nitrate, total phosphate, and sulfate in the secondary effluent [58] . In a related study, treatment of secondary wastewater effluent before soil aquifer treatment showed DOC removal trend of NF > MIEX > ozone ≈ UF [59] ; however, ozonation made the wastewater more amenable to soil aquifer treatment than MIEX because ozone increased the biodegradability of DOC.
Other waste streams that have treated using MIEX resin include greywater [60] and landfill leachate [61] [62] [63] . For example, the removal preference of MIEX resin for various components of landfill leachate was color>UVA254>DOC≈ chemical oxygen demand (COD)>biochemical oxygen demand (BOD)≈total nitrogen (TN) where MIEX resin showed minimal removal of BOD and TN [61] .
Regeneration Efficiency
Given that MIEX is an anion exchange process, it is surprising that there are considerably fewer published studies on regeneration and desorption than contaminant removal, especially for DOM. Most of the studies that evaluate regeneration of MIEX resin track the removal efficiency of DOC over several regeneration cycles [27, 57, 61] . These studies show that MIEX resin can be effectively regenerated using NaCl as indicated by consistent level of DOC removal over multiple regeneration cycles. As an alternative to NaCl, NaHCO 3 has also been evaluated for regeneration of MIEX resin and typically shows lower regeneration efficiency than NaCl as measured by DOC removal [18, 26, 64] . Other approaches that have been used to evaluate regeneration and desorption include mass balance and stoichiometry calculations. For example, at the process level, mass balance calculations made as part of a MIEX pilot plant study showed that DOC removed during treatment was equal to DOC recovered during regeneration [21] . At the mechanism scale, DOC removal by MIEX resin was shown to be equal to chloride release on an equivalent concentration basis, thus confirming the ion exchange stoichiometry [65, 66] . Overall, there is consistent supporting data in the literature that MIEX resin is effectively regenerated using NaCl and, to a lesser extent NaHCO 3 , and can be used for multiple treatment cycles.
Removal of Inorganic and Synthetic Organic Chemicals Inorganic Chemicals
Although the focus of this review is on DOM removal by MIEX resin, it is informative to also review the removal of inorganic and synthetic organic chemicals by MIEX resin due to considerations such as co-removal of DOM and other contaminants and the impact of other contaminants on DOM removal. Co-removal of bromide and DOC using MIEX resin has been investigated by many researchers due to the opportunity to remove both organic and inorganic precursors leading to halogenated organic DBPs. However, the effectiveness of MIEX resin to remove both bromide and DOC has shown mixed results. Depending on the water source and MIEX resin dose, bromide removal by MIEX resin can vary from >90 to <10 % [6, 25, [31] [32] [33] 41] . However, an explanation for the variable removal of bromide by MIEX resin is often lacking from a discussion of the results. Johnson and Singer systematically investigated bromide removal by MIEX resin by spiking raw natural water with bromide and showed increasing bromide removal with increasing MIEX resin dose and decreasing bromide removal with increasing alkalinity [32] . The adverse impact of alkalinity on bromide removal suggests competition between bicarbonate and bromide for exchange sites on the resin as bicarbonate is present at several orders of magnitude higher concentration than bromide. Others have also reported higher bromide removal by MIEX resin in low alkalinity water than higher alkalinity water [31, 33, 67 ••], with the order of increasing competition with bromide being chloride<bicarbonate/carbonate<sulfate [68] . In contrast to the results for bromide, increasing alkalinity did not affect iodide removal by MIEX resin [67••] . MIEX resin showed similar removal of bromide using either chloride or bicarbonate as the mobile counterion [18] . In addition to competition among bromide, DOC, and other inorganic anions, the polymer composition of MIEX resin makes it less selective for removal of bromide. Polystyrene anion exchange resins have been shown to remove greater amounts of bromide than polyacrylic MIEX resin, whereas MIEX resin removed greater amount of DOC than polystyrene resin [69] .
MIEX resin has also been investigated for removal of other inorganic anions including sulfate [18, 33] , nitrate [26, 33] , phosphate [70, 71] , chromium(VI) [16] , arsenic(V) [16] , iodide [67••] , and perchlorate [72, 73] , some of which may compete with DOM for exchange sites on MIEX resin. The extent of removal of inorganic chemicals depends on the initial chemical concentration, MIEX resin dose, and competing species. For example, at high initial inorganic chemical concentration removal by MIEX resin can be limited by ion exchange capacity, especially for water or wastewater with high sulfate concentration [40] . The selectivity of MIEX resin for DOM and inorganic anions is sulfate>DOM>bromide≈ni-trate>bicarbonate≈chloride [65, 66] , where some fractions of DOM have a selectivity comparable to sulfate, whereas other fractions of DOM are much less preferred than sulfate. The placement of phosphate, iodide, and perchlorate in the selectivity sequence for MIEX resin is difficult to estimate due to the different experimental conditions. A reasonable estimate based on the previous literature is sulfate>perchlo-rate≈DOM>iodide>bromide≈nitrate>phosphate>bicarbon-ate≈chloride.
Synthetic Organic Chemicals
MIEX resin has been investigated for removing a variety of synthetic organic chemicals including pharmaceuticals and pesticides. The functional groups present in synthetic organic chemicals that make these chemicals amenable to anion exchange are the same functional groups present in DOM that allow for anion exchange [65, 74] . For anionic chemicals, such as bentazone and 2,4-dichlorophenoxyacetic acid [74] [75] [76] , MIEX resin shows high removal up to 99 %, whereas for non-ionic chemicals, such as atrazine and isoproturon, MIEX resin shows negligible removal [33] . MIEX resin removed approximately 40 % of estrone at pH 8 (neutral molecule) and removal increased to approximately 70 % at pH 12 where estrone is negatively charged [77] . MIEX resin showed 0-48 % removal of 15 commonly detected pharmaceuticals and personal care products with higher removal observed for negatively charged species [78] . These results follow directly from the mechanism of ion exchange as shown by Liu et al. for bentazone [75] and discussed in the next section for DOM. In contrast to the previous results, removal of tetrabromobisphenol A by MIEX resin decreased as pH increased [79] , which is not expected since tetrabromobisphenol A is neutral at pH<7.5 and negatively charged at pH>7.5. The contradictory results for tetrabromobisphenol A could be due to low solubility and analytical error at acidic pH [80] .
Comparison with Other Anion Exchange Resins
MIEX resin and conventional anion exchange resins behave by the same mechanism of removal, which is stoichiometric exchange between the chloride counterion and carboxylic acid functional groups of DOM [65] . As a result, when the dose of MIEX resin and conventional anion exchange resins are normalized to the same ion exchange capacity, MIEX resin and non-magnetic polyacrylic anion exchange resins show similar levels of DOC removal and greater DOC removal than polystyrene resin [65] . It is important to note that the previous results apply to mixing times on the order of hours to days. At short mixing times on the order of minutes, MIEX resin shows a faster rate of DOC removal than conventional anion exchange resins [33, 37] . MIEX resin was compared with six other commercially available strong-base anion exchange resins, which are marketed for organics removal, and showed faster and greater reductions in UVA254 from 5 to 30 min [12•]. As mixing times approach hours, MIEX resin showed similar DOC removal as other polyacrylic resins and some polystyrene resins [25] . This was especially true when MIEX resin was compared with PFA444 resin (strong-base, gel, polystyrene) using a two-stage countercurrent configuration where both resins showed similar removals of DOC [12•] . MIEX resin showed the lowest removal of bromide among a variety of polyacrylic and polystyrene anion exchange resins [25] . However, when comparing MIEX resin to conventional anion exchange resins for removal of inorganic anions, it is important to consider that MIEX resin has a lower strong-base anion exchange capacity, e.g., 0.52 meq/mL MIEX resin and 1.4 meq/mL IRA400 resin. Multiple-loading jar tests were used to compare MIEX resin and DOWEX 11 resin (strongbase, polystyrene) with respect to DOC and sulfate removal in low-and high-sulfate waters. DOC removal by both resins was similar in each water with higher DOC removal in the low sulfate water [81] . The most notable difference between MIEX resin and DOWEX 11 resin was the greater sulfate removal by DOWEX 11 resin [81] . High removal of sulfate is usually not a water treatment objective, so the higher loading of sulfate on DOWEX 11 resin could lead to loss of ion exchange capacity over multiple regeneration cycles. MIEX resin was compared with two strong-base, polystyrene resins with biquaternary ammonium functional groups (i.e., triethylamine and trihexylamine). All three resins showed similar removal of perchlorate in the absence of competing anions; however, perchlorate removal by MIEX resin in the presence of sulfate was reduced from 87 to 31-49 %, whereas the presence of sulfate did not affect perchlorate removal by the other biquaternary ammonium resins [73] . This is because larger spaced quaternary ammonium functional groups, such as triethyl-and trihexylamine, are more selective for monovalent anions over divalent anions than closely spaced trimethylamine functional groups in MIEX resin [82] .
In addition to commercially available MIEX resin, other magnetically enhanced ion exchange resins and adsorbents have been developed for a variety of applications [83] . For example, quaternized magnetic polyacrylic microspheres (referred to as NDMP resin) were synthesized and compared with MIEX resin for removal of reactive dyes. NDMP resin had a higher strong-base anion exchange capacity than MIEX resin, which resulted in greater adsorption of reactive dyes by NDMP resin than MIEX resin [84] . The NDMP resin was effectively regenerated using 10 % NaCl and showed consistent level of dye removal over 20 regeneration cycles [84] . Other research has shown that electrolysis of NDMP-treated water can be used to generate chlorine (from the released chloride counterion) and disinfect the water [85] . A different magnetic anion exchange resin (NDM-1) was synthesized in which the functional group was triethylamine instead of trimethylamine on MIEX resin and as a result, the NDM-1 resin showed greater adsorption of nitrate than MIEX resin in the presence of sulfate [86] , similar to the results discussed for perchlorate. Another magnetic resin, magnetic poly(glycidyl methacrylate), was synthesized and compared with MIEX resin for removal of DOM and carbamazepine [87] .
Integration with Physical-Chemical Processes Coagulation
One of the main advantages of MIEX resin is as a pretreatment to coagulation, whereby the coagulant dose can be reduced by 50-75 % [6, 88, 89] . The reduction in coagulant demand following MIEX pretreatment observed in jar tests has been confirmed in pilot plant tests and full-scale installations [90] . MIEX pretreatment results in reductions in coagulant costs and reduces the amount of residuals to dispose of. Chlorination of the combined MIEX/coagulation samples shows reduction in chlorine demand and lower formation of THMs and HAAs relative to coagulated water [21, 29, 89] .
Researchers have also shown that the floc formed after MIEX pretreatment is larger and stronger than the floc formed in corresponding raw water [91] . MIEX pretreatment followed by coagulation has also been used to remove multiple contaminants such as DOC and bromide [41] , although the mechanism of bromide removal by coagulation is not well explained. Others have re-evaluated the sequence of MIEX resin and coagulation with the impact on other downstream processes in mind. For example, coagulation followed by MIEX treatment was shown to be more effective than MIEX alone in terms of reducing membrane fouling [92] . As a novel approach to coagulation, the combination of manganate oxidation, ferrous sulfate, and MIEX resin resulted in 92 % DOC removal [93] , which corresponded to a lower Fe dose than typically used for ferric coagulation. Coagulation followed by MIEX treatment (i.e., coagulation/MIEX) has been used to remove 62±7 % DOC by coagulation and 32±16 % bromide, 58±21 % iodide, and 5±5 % DOC by MIEX resin [67••] . This process sequence, however, does not take advantage of the benefits of MIEX treatment prior to coagulation as described above. In addition, coagulation/MIEX achieved lower overall DOC removal than coagulation/PAC, i.e., 66± 12 vs. 70±10 % [67••] , which is another indication that the sequence of coagulation followed by MIEX is not ideal.
Membrane Technology
There has been considerable interest in the potential for MIEX pretreatment to reduce fouling of MF, UF, NF, and RO membranes. MIEX pretreatment for removal of DOC has shown minor or negligible reductions in MF and UF membrane fouling [92, 94, 95] . However, MIEX/coagulation has shown greater reductions in MF and UF membrane fouling because of the complementary removal of dissolved (low molecular weight) and colloidal (high molecular weight) fractions of organic matter [92, 94, 96] . However, the effect of combined MIEX/coagulation on subsequent membrane fouling can depend on the coagulant type, where Choi et al. showed that polyaluminum chloride created larger floc and resulted in less MF flux decline than polyaluminum silicate [97] . With respect to secondary wastewater effluent, MIEX/alum coagulation showed a reduction in MF and UF membrane fouling relative to untreated and MIEX-treated secondary effluent [98•] , which is consistent with the previous results for drinking water sources.
MIEX pretreatment to reduce fouling of NF and RO membranes has also shown mixed results. MIEX treatment before NF membrane reduced the flux decline relative to raw water [99] , while MIEX treatment before RO membrane showed no change in flux relative to the control condition [78] . A clear advantage of MIEX pretreatment is the high removal of DOC which contributes to an overall high contaminant rejection by combined MIEX/membrane systems [99] .
Activated Carbon
MIEX has been evaluated as a pretreatment to GAC and PAC with the intent that MIEX resin would remove large extent of DOC and thereby increase the adsorption capacity of activated carbon. For example, PAC following MIEX treatment removed more pesticides than PAC alone due to pre-removal of DOC by MIEX resin [100] . MIEX resin has been investigated as a pretreatment to GAC for removal of methylisoborneol (MIB) and geosmin but the results were inconclusive as to the benefit of MIEX pretreatment relative to conventional pretreatment [101] . Investigation of the sequence of MIEX and BAC, i.e., MIEX/BAC versus BAC/ MIEX, showed that BAC/MIEX was the better process for DOC removal from secondary wastewater effluent because BAC increased the fraction of DOC that could be removed by MIEX resin [102] . In a follow-up research, however, MIEX/BAC showed a greater reduction in membrane fouling than BAC/MIEX, MIEX, or BAC for secondary wastewater effluent due to changes in DOM properties, such as removing low molecular weight compounds, which was favorable in terms of reduced membrane fouling [103] .
Ozone MIEX resin has been investigated as a pretreatment to ozonation as a means to increase the dissolved ozone concentration. For example, Johnson and Singer showed that at a given ozone dose the dissolved ozone concentration increased and the bromate formation decreased as the MIEX resin dose increased, which was due to the co-removal of DOC and bromide [32] . Pilot plant tests have also shown that MIEX pretreatment increases the dissolved ozone concentration which in turn increases the effectiveness of ozone disinfection [104] . The combination of MIEX pretreatment and ozone disinfection before final chlorination resulted in the lowest THM formation among alum coagulation, ozonation, and combined alum coagulation/ozonation [36] .
Lime Softening
MIEX treatment prior to lime softening was shown to reduce the lime dose and increase hardness removal [34] . This result was because the substantial reduction in DOC by MIEX resin decreased the inhibition of calcium carbonate formation.
Combined Ion Exchange
As an alternative to using MIEX as a pre-or post-treatment process, Apell and Boyer proposed using magnetically enhanced anion exchange and cation exchange resins in the same reactor [35, 105] , hereafter referred to as combined ion exchange. The purpose of the new process was to remove DOC and hardness in the same reactor instead of using multiple processes such as MIEX followed by lime softening. Jar tests showed that anionic and cationic MIEX resins could be mixed together and achieve 70 % DOC removal and 55 % hardness removal [35] . The combined ion exchange process was further evaluated using MIEX resin for DOC removal and conventional cation exchange resin for hardness removal because the conventional cation exchange resin had a higher capacity than the magnetic cation exchange resin. For example, Comstock and Boyer showed that combined ion exchange could achieve 76 % DOC removal and 97 % hardness removal from groundwater [106] . MIEX, cation exchange, and combined ion exchange were investigated as pretreatment for RO membranes for groundwater high in DOC, hardness, and salinity. All three processes showed improvements in flux relative to untreated water [107] .
Case Study
The Mt. Pleasant Water Treatment Plant (WTP) in South Australia presents a unique opportunity to study the MIEX process alone and combined with other processes. The Mt. Pleasant WTP treats water from the River Murray. Full-scale processes include MIEX followed by conventional treatment (coagulation, flocculation, and filtration) and MIEX followed by submerged MF membranes. Pilot-scale units for conventional treatment, membranes, and GAC have also been tested. For example, pilot plant tests of conventional treatment were compared with full-scale MIEX as pretreatment to GAC filters for removal of MIB and geosmin [101] . The impact of MIEX pretreatment on MF fouling [95] and bacteria removal [108] has also been investigated. A comprehensive 2-year study at the Mt. Pleasant WTP showed greater DOC removal by MIEX/coagulation and MIEX/MF than coagulation alone or MF alone [9] . In addition, water following MIEX treatment had lower SUVA254 and removal of wider range of apparent molecular weight fractions of DOM than other processes [9] . Statistical analysis of the various treatment trains at the Mt. Pleasant WTP considering DOC, UVA254, and molecular weight chromatograms showed the MIEX alone or MIEX combined with coagulation or MF achieved the greatest reductions in DOC and UVA254 and removal of a wider range o f m ol e c u l a r w e i g h t f r a c t i o n s o f D O M [ 10 9• ] . MIEX/coagulation was able to achieve high and consistent level of DOC removal and UVA254 reduction during a 2-year period of extreme weather that included drought and two major flood events [11••] , thus illustrating the robustness of the MIEX process. Hence, the quantifiable improvements of using MIEX in place of coagulation alone or MF alone would be production of finished water of consistent quality despite changes in raw water quality. In addition, there would not need to be changes in operation of the MIEX process, whereas the coagulation process would require changes in coagulant dose with changing raw water quality. In terms of economics, MIEX or MIEX/coagulation would eliminate or substantially reduce the amount of coagulant needed. This would reduce water treatment operating costs in terms of coagulant and sludge disposal. In turn, there would be new operating costs for the MIEX process including periodic resin replacement and regeneration chemicals. A life cycle cost analysis would be needed to quantify the full economic costs and benefits of MIEX treatment.
Impact on Water Distribution Systems
Biofilm growth in water distribution systems is of high concern due to deterioration in the quality of finished drinking water. The impact of MIEX treatment on bacterial regrowth potential has shown mixed results. In some case, there was no difference in the bacterial regrowth potential following MIEX treatment compared with other processes like coagulation [29, 110] . However, other studies have shown MIEX treatment contributes to greater removal of bacteria [108] , which could reduce the potential for bacterial regrowth.
MIEX treatment of drinking water, and anion exchange in general, has the potential to increase lead corrosion due to the co-removal of sulfate with DOC and the stoichiometric release of chloride. Specifically, removal of sulfate and release of chloride increases the chloride-to-sulfate mass ratio (CSMR), which has been shown to be predictive of lead corrosion [111] . Data from jar tests, pilot plant tests, and full-scale installations were analyzed for the impact of MIEX treatment on the CSMR. In general, MIEX treatment resulted in the largest increase in the CSMR among other treatment processes and incomplete rinsing of the resin could further increase the CSMR [28, 112] . At constant CSMR, high-chloride water showed greater lead release than low-chloride water [112] , which supports the concern that anion exchange treatment can increase lead release in finished drinking water.
Needs for Future Research
Two aspects of MIEX treatment that would benefit from future research are testing procedures and system-level evaluations. Standard jar tests are the most widely used approach to evaluate the removal performance of MIEX resin. However, the typical jar test procedure (e.g., 5-10 mL/L MIEX resin, 15-30 min mixing time, and no regeneration) is the least representative of the continuous flow, completely mixed MIEX process. Although pilot plant tests and full-scale installations provide the most realistic data, it is often not feasible in terms of time or funding to do a pilot plant test or study a full-scale MIEX plant. As a result, the multiple-loading jar test procedure was developed as a more realistic representation of the full-scale MIEX process and more feasible to implement. Conceptually, the multiple-loading jar test procedure would appear to mimic the full-scale MIEX process; however, this has not been confirmed through experimentation. Comstock and Boyer provide data comparing the standard jar test procedure with the multiple-loading procedure [106] . The same effective resin dose was used in both procedures; however, MIEX resin showed higher removal of DOC, UVA254, and sulfate in the multiple-loading procedure than the standard jar test [106] . The reason for this discrepancy is likely due to the choice of mixing times. The standard jar test procedure should use a mixing time that is representative of the solid residence time of the MIEX process (e.g., 100-1000 min), whereas the multiple-loading procedure should use a mixing time that is representative of the hydraulic residence time of the MIEX process (e.g., 5-30 min) [17, 47] . Once the corresponding conditions for the standard jar test procedure and multipleloading jar test procedure have been identified, then the next logical step is to confirm that the multiple-loading procedure agrees with the full-scale process. This can be accomplished by obtaining samples from MIEX pilot plants and full-scale installations and conducting parallel experiments with the raw water following the multiple-loading procedure as the same process operating conditions. The confirmation of laboratory procedures that give the same performance as the full-scale process will ensure that experimental results have real world relevance.
System-level evaluations of MIEX treatment are needed to better understand the linkages among natural and anthropogenic drivers, raw water quality, contaminant removal, regeneration efficiency, waste disposal, integration with other physical-chemical process, impacts on distribution, and finished water quality. For example, there is comprehensive research on MIEX treatment that spans changes in source water quality due to extreme events, integration of MIEX treatment with other physical-chemical processes, impacts on biofilm communities in water distribution systems, and finished water quality [9, 11••, 110] . Others have conducted research on MIEX treatment that spans regeneration efficiency, waste disposal, integration with other physical-chemical process, impacts on corrosion in water distribution systems and household plumbing, and finished water quality [28, 112, 113] . Additional research on the depth and breadth of MIEX treatment illustrated here is needed to provide holistic solutions to water quality and treatment challenges.
Conclusions
MIEX resin has been demonstrated in numerous studies to be an effective process for removal of DOC and UVA254 from drinking water sources and wastewater effluent. In general, realistic doses of MIEX resin can achieve greater removal of DOC and UVA254 than alum or ferric coagulation. In addition, the type of DOM removed by MIEX resin often covers a wider range of hydrophilic, transphilic, and hydrophobic fractions and molecular weight fractions than coagulation or activated carbon adsorption. As a result, MIEX treatment results in substantial reductions in the formation of THMs and HAAs upon chlorination. The integration of MIEX treatment followed by coagulation shows multiple benefits including very high DOC removal, and reductions in coagulant dose, membrane fouling, and DBP formation. MIEX resin is a less effective technology for removal of bromide and other inorganic anions where more selective ion exchange resins are available.
